The Zymomonas mobilis genes for ethanol production have been integrated into the chromosome ofKlebsiella oxytoca M5A1. The best of these constructs, strain P2, produced ethanol efficiently from cellobiose in addition to monomeric sugars. Utilization of cellobiose and cellotriose by this strain eliminated the requirement for external 1-glucosidase and reduced the amount of commercial cellulase needed to ferment Solka Floc SW40 (primarily crystalline cellulose). The addition of plasmids encoding endoglucanases from Clostridium thermocelum resulted in the intracellular accumulation of thermostable enzymes as coproducts with ethanol during fermentation. The best of these, strain P2(pCT603T) containing celD, was used to hydrolyze amorphous cellulose to cellobiose and produce ethanol in a two-stage process. Strain P2(pCT603T) was also tested in combination with commercial cellulases. Pretreatment of Solka Floc SW40 at 60°C with endoglucanase D substantially reduced the amount of commercial cellulase required to ferment Solka Floc. The stimulatory effect of the endoglucanase D pretreatment may result from the hydrolysis of amorphous regions, exposing additional sites for attack by fungal cellulases. Since endoglucanase D functions as part of a complex in C.
substantially reduced the amount of commercial cellulase required to ferment Solka Floc. The stimulatory effect of the endoglucanase D pretreatment may result from the hydrolysis of amorphous regions, exposing additional sites for attack by fungal cellulases. Since endoglucanase D functions as part of a complex in C. thermwcelum, it is possible that this enzyme may complex with fungal enzymes or bind cellulose to produce a more open structure for hydrolysis.
Yard trash, wastepaper, and agricultural residues represent an abundant lignocellulose feedstock for the production of bulk chemicals such as ethanol (17, 22) . Lignocellulose is a complex polymer (15, 23) composed of cellulose, hemicellulose, and lignin. In previous studies, recombinant Escherichia coli (2, 3, 20, 21, 26, 32) and Klebsiella oxytoca (8, 34) containing Zymomonas mobilis genes which efficiently ferment both hexose and pentose sugars have been developed for ethanol production. In E. coli, plasmid-borne constructs have been replaced by strains in which the Z. mobilis genes have been integrated into the chromosome to maximize stability (33) . Recent studies have shown that xylobiose and xylotriose are also fermented by ethanologenic constructs of K oxytoca (8) .
In yeast-based fermentations of lignocellulose, cellulose and hemicellulose must be hydrolyzed into monomeric sugars (14, 23) . Although hemicellulose can be readily depolymerized by being heated in the presence of dilute acids (2, 18) , the depolymerization of cellulose into monomeric sugars either by strong acids or by commercial enzymes remains a major economic dilemma (17, 28) . This dilemma has stimulated investigations into the structure and function of microbial cellulases and development of improved strains with increased cellulase production (4, 16, 23, 39) .
Depolymerization of cellulose requires three major classes of enzymes: (i) exoglucanases, which release cellobiose dase enzymes are the least abundant and least stable, frequently limiting cellulose hydrolysis (9, 31) . At each step, the accumulation of hydrolysis products acts to competitively inhibit further depolymerization (9, 23, 31) . To minimize the accumulation of glucose, a competitive inhibitor of P-glucosidase, a simultaneous saccharification and fermentation process in which glucose was continuously removed and fermented to ethanol by yeasts was developed and patented by the Gulf Oil Company (14) . Cellulases were supplied as culture filtrates from filamentous fungi such as Trichoderma longibranchiatum (formerly T. reesei).
Commercial cellulase preparations from fungi remain too costly to produce fuel ethanol from lignicellulose by using these enzymes alone. A variety of genetic engineering approaches have been investigated to improve the fermentation of cellulose to ethanol. The authors of many of these studies have attempted to engineer the secretion of cellulases encoded by heterologous genes in efficient ethanolproducing organisms such as Saccharomyces cerevisiae (13, 22, 36, 43) or Z. mobilis (7, 26, 29, 30) .
In a previous study with K (20 ,ug/ml), tetracycline (6 jig/ml), and ampicillin (Ap) (50 jig/ml) were used for selection. Typically, E. coli strains were grown at 37°C and K oxytoca strains were grown at 30°C. Expression of the ethanologenic operon from Z. mobilis was monitored by observing color formation on aldehyde indicator plates (11) . Colonies were screened for cellulase activity by incubation for 1 to 2 h at 55°C on Luria agar containing carboxymethyl cellulose followed by staining with Congo red (44) .
Genetic methods and plasmid construction. Standard genetic procedures were used essentially as described previously (40) . Integration of pdc and adhB (PET) genes into strain M5A1 was obtained by transforming cells with circularized DNA (lacking all replication functions) containing three essential elements: (i) the E. coli pfl' gene or M5A1 DNA, (ii) the Z. mobilis PET genes, and (iii) the cat gene for selection. Recombinants containing these integrated genes (IPET) were initially selected by using 20 ,ug of chloramphenicol per ml and expressed low levels of Z. mobilis enzymes. As with E. coli (33) , expression was boosted by the direct selection of mutants with resistance to 600 ,ug of chloramphenicol per ml. A single clone expressing high-level resistance was retained for each independent integration event.
Tetracycline resistance was added to plasmids containing celA (pCT105), celB (pCT207), and celD (pCT603). Plasmids pCT105 and pCT207 were digested with BamHI and then treated with the Klenow fragment of E. coli DNA polymerase to create blunt ends. Plasmid pBR322 was digested with EcoRI and similarly treated to produce blunt ends. All three plasmids were then digested with Sall. The resulting small fragment from pBR322 containing the 5' end of tet was ligated to the larger fragments from pCT105 and pCT207 to reform a functional tet gene (previously inactivated by insertion of C. thermocellum DNA), producing plasmids designated pCT105T and pCT207T, respectively. A 2.5-kbp EcoRI fragment from pCOS2EMB (38) containing the complete gene was inserted into the unique EcoRI in pCT603 to produce pCT603T. No modification of pCT301 was needed, since this plasmid contained a functional tet gene in addition to ceIC. All cellulase-containing plasmids were transformed into recombinant K oxytoca with selection for tetracycline resistance.
Cellulase activity. The endoglucanase activity encoded by celD was determined for cells plus broth and broth alone at 60°C with p-nitrophenyl-oi-D-cellobioside as a substrate (37) .
Although this assay is not specific for endoglucanases (44) , host strains lacking this gene contained little background activity. Endoglucanase D activity was also estimated as the release of reducing sugars from amorphous cellulose. Amorphous cellulose (acid swollen and base swollen) was prepared from Solka Floc SW40 as previously described for Avicel (45) . Reducing sugars were measured by using the Nelson-Somogyi method (6) . Initial concentrations of amorphous cellulose were estimated as total carbohydrate by the phenol-sulfuric acid method (46) .
Endoglucanase activities among ethanologenic cel+ recombinants were also compared by overlaying culture tubes (18 by 150 mm) containing approximately 15 ml of Luria broth solidified with 10% low-viscosity carboxymethyl cellulose (Sigma Chemical Co., St. Louis, Mo.) with 2 ml of stationary-phase culture. After 48 h of incubation at 55°C, the extent of liquefaction was determined by inversion.
Products of cellulose digestion were analyzed by using thin-layer chromatography as described previously for xyloside and xylan digestion (8) . Glucose, cellobiose, and cellotriose were separated from oligomers. Cellobiose and glucose served as standards.
Fermentation experiments. Fermentations were carried out with 500-ml Fleakers which served as pH stats (350-ml working volume) essentially as described previously (3) . Luria broth containing either 10% glucose or 10% cellobiose was tested at 30°C, pH 6.0, and 100 rpm. Inocula for fermentations were grown at 30°C overnight in unshaken, 250-ml flasks containing 50 ml of Luria broth (4% glucose). Commercial cellulases. Two commercial cellulases, Cytolase M104 and Multifect CL (Genencor International, Rolling Meadows, Ill.) were investigated. Both were supplied as liquids, presumably broths from mutant T. longibranchiatum with proprietary amendments. Both are described as containing a mixture of pectinases, cellulases, and hemicellulases. These enzyme preparations are currently optimized for food processing.
RESULTS
Chromosomal integration of Z. mobiis PET genes into MSA1. Three approaches were used to integrate PET genes into the chromosome of M5A1 (35) . Since K oxytoca and E. coli are closely related, the E. coli pfl gene was used as a potential source of DNA to promote recombination in a method analogous to the method used for E. coli (33) . SalI fragments (8.6 kbp) were purified from pLOI510 which contained PET genes and cat within the pfl gene of E. coli. This fragment (lacking genes involved in replication) was circularized by ligation and transformed into M5A1 to allow direct selection for integration. A shorter, 5-kbp PstI fragment containing only a small amount of flanking E. coli pfl was used in a similar manner. In the third approach, homologous K oxytoca M5A1 DNA (2-kbp random Sau3A fragments) was ligated to a 4.6-kbp BamHI fragment containing only the PET genes with cat (no E. coli DNA) and used for transformation. Integrated strains were recovered from all three approaches by selection on Luria agar plates containing 2% glucose and 20 1tg of Cm per ml. Three integrated clones were recovered with the SalI fragment, two were recovered with the PstI fragment, and one was recovered with the BamHI fragment.
After overnight growth in liquid culture, 0.1 ml of stationary-phase cells was spread on plates containing 600 ,ug of Cm per ml and 2% glucose to select for high-level expression. Single large colonies were retained from each independent integration event and named according to the restriction site used for generation, i.e., S1, S2, S3, P1, P2, and Bi. These clones were tested for the presence of plasmids by transformation with isolated DNA and for the expression of PET genes by using aldehyde indicator plates ( 30°C was used as a relative measure of expression from the PET operon. -, no color development. Speed of development is ranked + to + + + +.
e Small-scale preparations of DNA on agarose submarine gels were examined and tested for their abilities to transfer antibiotic resistance to E. coli DH5ca during transformation. +, plasmid present; -, plasmid absent.
integrated strains found to contain plasmid-borne cat genes were discarded after digestion, which confirmed the presence of pLOI510 (presumably a low-level contaminant of gel-purified fragments). The parent organism and M5A1 (pLOI555), an excellent ethanol producer (34), were included as negative and positive controls, respectively. Two clones, strains Bi and P2, expressed the ethanol genes at levels nearly equivalent to that of MSA12(pLOI555).
Comparison of glucose fermentation by integrated strains to M5A1(pLOI555). After 48 h, high levels of ethanol equivalent to those by M5A1(pLOI555) were produced by four strains containing PET integrations ( Table 2 ). The two of these which produced the lowest levels of acidic coproducts also grew to the highest densities. These strains, P2 and Bi, were selected for further investigation. Fermentation of glucose and cellobiose by integrated strains. Strains P2 and Bi were investigated for their abilities to ferment 10% glucose and 10% cellobiose (Table 3) . During glucose fermentation (Fig. 1A) , both integrated strains produced three times more ethanol than the parent organism, M5A1, but were slightly inferior to M5A1(pLOI555) (plasmid-borne PET genes) in yield and in volumetric productivity. Unexpectedly, integration and high-level expression of PET genes in strain Bi were accompanied by a loss of ability to ferment cellobiose. Strain P2, however, grew well and produced ethanol from cellobiose ( Fig. 1B) enzymes which includes endoglucanases, exoglucanases, and 3-glucosidases. At low concentrations, Cytolase appeared more efficient, although higher concentrations of this enzyme preparation appeared toxic. In all cases, ethanol production by K oxytoca P2 was superior to that by E. coli KO11, despite the presence of P-glucosidase in commercial cellulases. Together, these results suggest that P-glucosidase activity in commercial cellulase preparations may not be saturating relative to the other cellulase activities.
With the highest concentration of Multifect, yields exceeding the theoretical maximum from 50 g of cellulose per liter were observed. Expression of C. thermocellum cellulases in strain P2. Cellobiose can be fermented by strain P2 and is the dominant final product from cellulose digestion by most endoglucanases and exoglucanases. Although neither enzyme is made by our organism, integration of the PET genes into the chromosome facilitates the inclusion of plasmids encoding heterologous genes to allow the synthesis of enzymes as coproducts during fermentation. The expression of four endoglucanases from the thermophile, C. thermocellum, was investigated after the addition of tetracycline resistance for e Solka Floc SW40 was predigested at 60'C for 12 h by using cells harvested from a prior fermentation as a source of C. thermocellum celD. After being cooled to 35'C, broth was inoculated and 1 ml of commercial cellulase per 100-ml fermentation volume was added to start the fermentation. selection (Table 5 ). The celD gene has been expressed at very high levels in E. coli (5, 24) and was expressed at high levels in strain P2. Most of the endoglucanase activity produced from these genes was retained within the cells, although Klebsiella strains are known to have protein secretion systems (35) , and this possibility of partial secretion was not eliminated.
A qualitative comparison of effectiveness in liquefaction of carboxymethyl cellulose was conducted during 48 h of incubation in culture tubes at 55°C. Consistent with activity measurements, recombinant cells harboring celD (pCT7603T) were most effective, followed by those harboring celC (pCT301). Strain P2 harboring celB (pCT207T) grew very poorly and was not tested further. celA (pCT105T) recombinants caused little liquefaction.
The effect of producing heterologous gene products on a Assays were conducted at 60'C by using p-nitrophenyl-f3-D-cellobioside as the substrate.
b Units are micromoles hydrolyzed per minute per milliliter of fermentation broth containing cells or broth after cells had been removed by centrifugation. fermentation performance was also investigated. The addition of plasmids expressing any one of the cel genes decreased the final cell density in 10% glucose fermentations by approximately 30% and decreased ethanol yield (Table 3) . Expression of the celD gene was the least harmful, with an ethanol yield of 0.32 g of ethanol per gram of glucose, 62% of the theoretical maximum.
Hydrolysis and fermentation of amorphous cellulose by strain P2 expressing celD. Although the celD gene product will not hydrolyze crystalline cellulose, this enzyme has been previously shown to hydrolyze amorphous cellulose (5, 24) . Strain P2(pCT603T) was tested for its ability to convert amorphous cellulose to ethanol. Phosphoric acid-swollen and base-swollen (sodium hydroxide) Solka Floc SW40 was tested in a two-stage batch process by using the cells of P2(pCT603T) from a prior glucose fermentation as a source of endoglucanase D and the same organism to produce ethanol. The first step consisted of incubating 3 ml of Luria broth containing 76 mg of acid-swollen cellulose per ml or 32 mg of base-swollen cellulose per ml at 60°C (pH 6.0) for 72 h by using cells harvested from an equivalent volume of a prior glucose fermentation. Heating to 60°C inactivated cells, released endoglucanase D, and provided a near-optimal temperature for activity (5, 24 (Table 4) . As illustrated in Fig. 1C for Cytolase, pretreatment with the celD gene product greatly enhanced ethanol production with 1% cellulase, providing an ethanol yield equivalent to that of 5% Cytolase. Samples from different stages of a parallel, two-step fermentation with Multifect were analyzed by using thinlayer chromatography (data not shown). Cellobiose was produced as the dominant product during the initial digestion of native Solka Floc with endoglucanase D, presumably from the hydrolysis of amorphous regions (5) . Again, glucose, cellobiose, and cellotriose were completely metabolized. Thus, the amount of commercial cellulase needed for saccharification was substantially reduced by pretreatment with recombinant endoglucanase D produced as a coproduct with ethanol in a prior fermentation.
DISCUSSION
Hydrolysis of cellobiose to monomeric sugar by P-glucosidase often limits cellulose digestion by fungal broths (9, 31) .
The activity of 3-glucosidase is typically the least abundant and least stable of the enzyme cadre required for efficient cellulose hydrolysis. The accumulation of cellobiose as a product of cellulase action acts as a competitive inhibitor of further depolymerization (15, 23) . K oxytoca P2 is the first recombinant organism reported to rapidly and efficiently convert cellobiose to high levels of ethanol. This organism appears to have the capacity to actively transport cellobiose and cellotriose, minimizing cellobiose accumulation and eliminating the requirement for further depolymerization by external enzymes. Although transport systems for cellobiose have not been investigated with K oxytoca (1), the closely related organism E. coli contains genes which encode phosphotransferase components and phosphoglucosidase for cellobiose metabolism which are cryptic in most laboratory strains but function in nature (19, 25) . It is likely that similar genes function in K. oxytoca (1) .
Integration of the PET genes for ethanol production into the chromosome facilitates the production of plasmid-borne, recombinant proteins as coproducts with ethanol. Although cellulase genes from C. thermocellum were used as examples, other, more valuable recombinant products, such as lipases, proteinases, glycohydrolases, animal hormones, and biomedical products, could also be made. The production of C. thermocellum cellulases by strain P2 as a coproduct was accompanied by an unexpected decrease in the efficiency of fermentation. The basis for this decreased efficiency is unknown. Similar observations have been made in our laboratory with ethanologenic E. coli (unpublished data) containing the pullulanase gene from Thermoanaerobium brockii (10) and with multiplasmid ethanologenic constructs of K. oxytoca containing the C. thermocellum xylanase gene (8) .
Our research with K. oxytoca forms the basis for an improved process to convert cellulose into ethanol termed ISEP (incomplete saccharification for ethanol production). Ethanologenic recombinants such as strain P2 do not require depolymerization to monomer sugars for metabolism, eliminating the need for ,3-glucosidase and reducing end-product inhibition of cellulases by cellobiose and cellotriose (9, 15, 23, 31) . A further advantage is a reduction in potential contaminants, since fewer organisms are able to metabolize cellobiose or cellotriose than can metabolize monomeric glucose. On the basis of comparisons with E. coli KO11, which lacks cellobiose utilization, the transport and metabolism of cellobiose exhibited by K. oxytoca P2 decreased the requirement for commercial enzymes during cellulose fermentation.
This requirement for commercial cellulases was further reduced by using supplemental endoglucanase produced as a coproduct during fermentation. In this regard, thermostable enzymes appear particularly useful, since they can be readily harvested within cells after fermentaticn and released in active form simply by heating to the temperature at which they function best. Pretreatment of Solka Floc SW40 with endoglucanase D from a prior fermentation dramatically increased the effectiveness of Genencor cellulases. Since endoglucanase D is active only on amorphous regions of cellulose (5), the beneficial effect of this pretreatment may result from the creation of new sites for attack by commercial cellulases. In C. thermocellum, endoglucanase D is part of a cellulase complex (5). It is possible that this enzyme may also complex with fungal enzymes or bind cellulose and facilitate an opening of cellulose structure for hydrolysis.
Our best construct for cellulose fermentation to ethanol, P2(pCT603T), is not as effective as native C. thermocellum (41, 42) . Unlike C. thernocellum, K oxytoca P2(pCT603T) lacks a complete cellulase system. However, in combination with 1% commercial Cytolase or Multifect, P2(pCT603T) produced yields and final concentrations of ethanol at 35°C higher than those by the ethanol-tolerant C. thermocellum mutants at 65°C (41, 42) . Further genetic improvements or process improvements may be required for economical ethanol production from either candidate organism. lases, and the James River Corporation for providing Solka Floc SW40 (cellulose).
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